INTRODUCTION
The requirements of water resource planning have made simulation of the hydrologic response of groundwater basins a technique of increasing importance. In this paper a numerical mathematical model is presented that attempts to bring the state of the science one step closer to hydrogeologic reality. The uniqueness of the model is shown in the following general set of properties:
In the unsaturated zone, descriptive terms such as wilting point and field capacity are outdated. There does not appear to be any advantage to using the concept of infiltration capacity rather than the more fundamental parameters • to which it is related such as the saturated permeability of the soil.
I have already used the terms 'unconfined' and 'confined' when referring to groundwater aquifers, but they are used here only in a descriptive sense. The limitations and specialized boundary R. ALLAN FREEZE conditions inherent in their usage in the pump testing literature do not apply to this model.
EQUATION OF •LOW
It is necessary to develop an equation of flow that will hold for saturated flow in both confined and unconfined aquifers and for flow in the unsaturated zone. The unsaturated zone actually involves a two-phase flow of air and water and thus could be treated by the techniques developed for multiple phase flow in the petroleum industry. Such an approach was outlined by Nelson [1966] and has recently been carried out by Green et al. [1970] . The main disadvantage to following such a course at this time for large basin oriented models is the computational complexity that is added to the problem.
The alternative approach used in this study employs a single equation that considers only the flow of water. The fundamental assumption is that the air phase is continuous and is at atmospheric pressure. This assumption precludes the entrapment of pockets of compressible air in the flow system. This assumption could prove to be a serious limitation in some applications, but it has been universally used by soil physicists in the solution of irrigation and drainage problems without misgivings and with apparent success. Jacob [1940] and clarified by Cooper [1966 To be perfectly general, the equation should be developed in deforming coordinates, the Darcy velocity being considered as a relative velocity of the water with respect to the grains [Cooper, 1966] . The equation presented here is derived following these considerations, but in the computer applications that follow the coordinates are taken as fixed. This is a standard approximation that apparently leads to little error. It is also possible to view the equation as having been developed in fixed coordinates. In this case, the approximation takes the form of discarding terms in which the velocity of the soil grains is multiplied by the vertical pressure head gradient. These are the only terms that are dropped from this development.
The equation is best presented as a combination of the saturated equation developed by
The Darcy The vertical compressibility of the soil is defined by a series of equalities relating the pore volume and the soil stresses. The complete set of equalities [Verruijt, 1969] 
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The relationships of (8) are valid for confined elastic aquifers. Their relevance to unconfined and unsaturated aquifers must be investigated. The equality between the fourth and fifth terms in (8) is based on the assumption that a change in pore pressure must immediately produce an equal and opposite change in effective stress, owing to the constant weight per unit area of the overlying column of solids and fluids.
In the unconfined zone it no longer seems reasonable to assume the constancy of overlying weight. Changes in the overlying fluid content may create load changes that are a significant percentage of the total load. In the unsaturated 'zone, there are still changes in the overlying load, but presumably the pore 'tension' has no ability to support the load. In this study the LSOR technique, oriented in the z direction, was used with a block centered nodal grid (Figure 2) . The mesh spacings can be variable, and the region can be of any general shape that does not lead to a discontinuity in any of the vertical nodal columns. It is also possible to simulate an internal source or sink representing a recharge or pumping well. The node containing the well itself is considered to be outside the model, and the six surrounding nodal blocks are treated with the appropriate side as a flux boundary. Such an approach is not intended to provide exact duplication of flow conditions near the well. Rather, the emphasis is on the effect on a regional scale. It is also possible to represent an internal source or sink by a constant head node rather than by the above approach, which duplicates constant discharge conditions. The program has been written to allow timewise variations in the flux rates along boundaries, but for the examples presented in this paper the specified flux rates are kept constant throughout the runs. The possible numerical complications that may be induced by time dependent boundary fluxes have therefore not been exposed. In the figures, all the simulated rainfall rates are less than the surface saturated hydraulic conductivities, but eases were simulated that involved surface ponding and surface saturation. When ponding occurs, the upper boundary condition changes from a specified flux to a specified ponding head..It is also necessary Z: Nodes k=l,.
• arriving at meaningful generalizations from hypothetical models for such systems seems slight, and these are best withheld until the model is applied to real basins and real hydrologic events. The simulation results can be interpreted quantitatively to give three types of hydrographs. First, the timewise variation in surface infiltration rate can be calculated for any point on the ground surface; second, the water table rise can be charted at any point on the basin; and third, a stream base flow hydrograph can be prepared. Figure 6a shows the first two of these hydrographs for point A on wøter I- For the case shown in Figure 9 , the pumping rate was greater than the total basin infiltration rate by a factor of 3.65. This situation is clearly unstable. If the pumping rate were less than or equal to the influx, an equilibrium steady state flow system not unlike that shown in Figure 9 would result. Figure 10 shows the ultimate result of a basin pumping rate that exceeds the available surface influx but only by a small factor. Here the pumping rate was slightly greater than that in Figure 9 , but infiltration was allowed over the entire surface.
The hydraulic head pattern shows groundwater withdrawals in equilibrium with increased natural infiltration rates and induced recharge from the stream. considering schematically the response of a basin to increased development. If we isolate the saturated portion of the basin and integrate the spatially varied recharge and discharge rates to obtain basin wide totals for any given time period, then the response to withdrawal at a rate Q can be described by [Bredehoeft and Young, 1970] dS8 (14) where R is the basin wide total recharge rate; D, the basin wide total discharge rate, is equal (Figures 11a and 11b ) that represent conditions in a groundwater basin under increased development. I apologize for the obtuseness that attends their explanation, but I can find no simpler words. The diagrams concern flux rates in the saturated zone alone. To simplify the analysis further, it is assumed that the attenu-ating effect of the unsaturated zone has been complete and that natural variations in R and D are far less than those caused by changes in Q.
In Figure 11a (at time to) under virgin conditions, we have a basin wide total recharge rate Re equal to the basin wide total discharge rate Do. (In earlier papers, the author has referred to this quantity as the natural basin yield.) If at time t• we begin pumping at a rate Q, the withdrawals are initially balanced by a change in storage, which in an unconfined aquifer takes the form of an immediate water table decline. At the same time, the basin strives to set up a new equilibrium under conditions of increased recharge R. The unsaturated zone will now be induced to deliver greater flow rates under the influence of the higher gradients in the saturated zone. If increased withdrawals occur at time t2, there is again a change in storage pulse, a lowered water table, an increased recharge rate R, and perhaps a decreased discharge rate D.
In the simplified case shown in Figure 11a opmental proposals. For development of confined aquifers there will be a significant time lag before water table declines manifest themselves, but sooner or later they must occur.
In Figure 11b at time to, natural steady state flow conditions prevail. As the withdrawal rate Q increases, the water table declines, and there is an induced increase in the regional recharge rate R. The regional discharge rate D remains constant until t•, when discharge out of the basin begins to lessen and thus allows a lower rate of increase in the recharge rate R while maintaining an increased withdrawal rate Q. At time t2, the maximum available recharge rate R is reached. The increasing Q rates must now be fed by more rapidly decreasing discharge rates D; the result is a crossover of the D curve shortly after t3, which signifies the beginning of induced recharge conditions. At time t•, however, the declining water table reaches a depth below which the maximum rate of groundwater recharge R can no longer be sustained. The same annual precipitation rate no longer provides the same percentage of infiltration to the water table owing to the consistently drier conditions in the unsaturated zone [Freeze, 1969] . Evapotranspiration during redistribution now takes more of the infiltrated rainfall before it has a chance to percolate down toward the groundwater zone.
The decreased regional recharge rate R between t• and t4 (Figure 11b ) is made up for by an increased induced recharge rate D. At t• the water table reaches a depth below which no stable recharge rate can be sustained; at t5 the maximum available rate of induced recharge is attained. From time t5 it is impossible for the basin to supply increased rates of withdrawal. The only source lies in an increased rate of change of storage that manifests itself in rapidly declining water tables. By time t6 the water table has been lowered to a nearly fiat configuration connecting the well depth to the stream. 0 (subscript), at saturation (e.g., k0, K0, n0).
